We have obtained evidence for the repair of double-strand gaps promoted by the Red function of bacteriophage A. A double-strand gap was made in one of the two regions of homology in an inverted orientation on a plasmid DNA molecule. The gapped plasmid was introduced into Escherichwa coli cells expressing the reda (exo) and red(3 (bet) genes of A. The gap was repaired by DNA synthesis copying an intact duplex. This gap repair was sometimes accompanied by reciprocal recombination (crossing over). The gap stimulated recombination about 100-fold. Our results are compatible with previous proposals that A homologous recombination involves the following early steps: (i) generation ofdouble-stranded ends by the packaging machinery or by the replication machinery; (ii) production of a single-stranded tail with a 3'-hydroxyl end by 5' -*3' degradation by A exonuclease (reda gene product);
3'-hydroxyl end to copy the second DNA molecule.
In the homologous recombination (Red) system of bacteriophage A, cos (cohesive end site), the site to be cleaved during packaging, turned out to be one of the "hot spots" of recombination (1) . Recombination events are concentrated at cos among unreplicated A chromosomes, whereas they are distributed more or less uniformly along replicated A chromosomes (2) (3) (4) . The "break-copy" model (5) once provided explanations for these features of A recombination (6) . In contradiction to the prediction of this model, however, a cos site that could not be used to finish packaging a particular recombinant was shown to enhance formation of that recombinant (1, 7) . An alternative to the break-copy model is that a double-strand break made at cos initiates, rather than terminates, recombination (1) . When replication is allowed, the double-stranded ends associated with "rolling-circle" replication may initiate recombination in a similar fashion all over the chromosome.
In the yeast Saccharomyces, recombination between a DNA segment with a double-strand gap and a homologous DNA segment was carried out in vegetatively growing cells (8, 9) . The double-strand gap had been repaired by DNA whose sequence was derived from the intact homologue.
We hypothesized that A's Red system may be able to effect a similar double-strand gap repair. Here we provide evidence supporting that possibility. Strains and Plasmids. M5361, an Escherichia coli strain provided by E. Signer (Massachusetts Institute of Technology), is rec' (A ki1335 cIts857 P3). The kil mutation was isolated by H. Greer (10) . BIK1199 is a A-resistant mutant from M5361. BIK1189 is M5361 cured of A. The recAl strains DH1 and DH5 (11) and plasmid pIK43 were described previously (12) . The recombination rate of DH1(pIK43) to Neo' cells is as low as 4 x 1i-0 per cell generation (12) . pIK60 was made by cutting pIK43 with Sal I, filling in the ends with the Klenow fragment of DNA polymerase I, and ligating. pKEN51, a gift from K. Yamamoto (University of Tokyo), was made by cutting pIK43 with EcoRV, filling in, and ligating with a Sac I linker sequence. The plasmid pTP232 has both reda and redfp genes repressed by the product of the lacI gene on the same plasmid (13) . The plasmids pTP262 and pTP225 are similar to pTP232, but they carry reda alone and redfp alone, respectively (13, 14) . AB1157 (= recd) strains carrying these plasmids were provided by A. Poteete (University of Massachusetts).
MATERIALS AND METHODS
Transformation by Rubidium. Competent cells were prepared by the rubidium method as described (11, 15) , except that the cells were grown at 320C to a density of 108 per ml and then incubated at 440C for 15 min and at 370C for 1 hr.
Aliquots (0.20 ml) ofthe concentrated competent cells (equivalent to 2.5 x 108 induced cells) in tubes were stored in liquid nitrogen. The cells were spread on L agar plates (with pH adjusted to 7.5 with Tris-HCI) containing kanamycin (50 ,ug/ml) or ampicillin (100 ,ug/ml) for overnight incubation at 320C. Analyses of the plasmids of the transformants were as described (12, 15, 16) . Transformation by Electroporation. Cells containing the plasmids with red genes were grown in L broth with tetracycline (12.5 ,ug/ml) and isopropyl fB-D-thiogalactopyranoside (IPTG, 0.1 mM) for >2 hr and concentrated (17 functional neo+ gene and therefore can be selected by kanamycin.
We used an E. coli strain that carries bacteriophage A as prophage to provide recombination function. The prophage carries a gene encoding a thermolabile repressor (clts857), as well as mutations preventing cell killing (kl33S and P3). The A recombination function can thus be expressed by heating the cells without destroying their colony-forming ability. We introduced the gapped plasmid by the rubidium method into these cells expressing A function and then selected for cells carrying neo+ plasmids on kanamycin agar. Generation ofthe double-strand gap with Xho I increased kanamycin-resistant (KanR) transformants about 100-fold (Table 1 ). This increase was not observed with a double-strand break by EcoRV at a Table 2 ). The Xho I site that was present in the upper segment (Fig. lA) is no longer present (Fig. 3) . Instead, the two Nae I sites, which flank the deleted region and were absent in the upper segment (Fig. lA) , have been regenerated in the upper segment (Fig. 3) . This demonstrates that repair of the double-strand gap has occurred by gene conversion.
Analysis with EcoRI ( Fig. 3) (AB1157 carrying pTP232). Plasmid DNA was prepared from resulting drug-resistant transformants and classified with Nae I and EcoRI (Figs. 1 and 3) as parental, type 5, type 6, or a mixture of types 5 and 6 (5/6).
(type 5; KanR_5 in Fig. 3 ) has the form shown at lower left in Fig. 1B .
Association of Crossing-Over with Gene Conversion. The plasmids in 13 of the 30 clones had a different EcoRI pattern (KanR-6 in Fig. 3 ). We concluded that these plasmids (type 6) had undergone crossing-over of the sequences flanking the conversion site, as illustrated at lower right in Fig. 1B . The remaining clones contained both ofthese two types ( Table 2) .
The following control experiments show that the frequent association of crossing-over with gene conversion is not accidental but is characteristic of the gene-conversion process repairing the double-strand gap. We prepared these two types of plasmid in a recA-strain and transferred each back into the cells expressing A function. From Fig. 2) .
(iii) The possibility of bimolecular exchanges has been examined. We prepared two marked derivatives of pIK43 (Fig. 4) . Each plasmid with a double-strand gap produced KanR transformants in the A+ strain (BIK1199) essentially as pIK43 did (data not shown). Plasmids in 25 of 67 KanR transformants obtained by a mixture of these two gapped plasmids (0.25 ,ug of each) belonged to the crossing-over type (type 6). Only 1 out of these 25 carried markers from both parents as illustrated in Fig. 4 . We concluded that the crossover-type plasmid was formed by an intramolecular event in most of the clones.
Involvement of A Exonuclease and (3 Protein. A function was responsible for this double-strand gap repair reaction. The double-strand gap did not produce KanR transformants when the recipient cells did not carry A ( Table 1 ). The repair capacity of the cells changed following heat treatment to induce A functions (Fig. 2B) .
In order to identify A genes involved in the double-strand gap repair, the A reda and redf3 genes on a plasmid under lacI control were induced by IPTG (13, 14) , and the substrate DNA (pIK43) was introduced by electroporation. Doublestrand gap repair was efficient as evidenced by the increase in the KanR cells by the cut (Fig. 5) . In 12 KanR clones analyzed, 9 contained only plasmids the size of pIK43. Plasmids in all 9 clones turned out to be of the geneconversion type (Table 2) . Several conversions were accompanied by crossing-over. Evidence for double-strand gap repair was also obtained through analysis of the AmpR transformants ( Fig. 5 ; Table 2 ). Both reda and redf3 were found to be necessary for the observed double-strand gap repair reaction in a rec' strain (Fig. 5 ). Fig. 6 shows a doublestrand break repair model for Red-mediated recombination based on a model by Szostak et al (18) . Our results are also compatible with Resnick's model (19) and its variation (20) involving a succession of one-ended invasions. These mechanisms for Red-mediated recombination have been discussed (1, (21) (22) (23) (24) . These models depend on and explain known properties of the enzymes involved (25) (26) (27) (28) (29) (30) (31) (32) . Exonuclease VIII, which is similar to the A exonuclease in reactivity, is involved in the double-strand gap repair by the RecE pathway (unpublished data).
The inhibitory action of RecBCD enzyme on terminal exchanges (3, 33) is explained by digestion at the double- The products of A recombination in replication-blocked crosses have several features of the structure shown in Fig.  6 (vii). They are heterozygous near the double-strand break (3, 36) . Polarity of this heteroduplex is such that the 3'-tailed strands invade each other (37, 38) . There is evidence for DNA synthesis at the site of the double-strand break (39) . However, these results were obtained from experiments in which only one of the two ends of a break was used for exchanges.
Reciprocality of Exchanges. Our results imply that Redmediated recombination can be physically reciprocal. This physical reciprocity may underlie formation of A circular dimers (40) and integration of A into the chromosome by Red function (41) .
One of the two complementary recombinants was recovered in excess in exchanges at cos in a recA-jred' cross (24) . Asymmetric interactions of packaging machinery and cos (42) or, more generally, coupling of packaging and exchange may cause such unequal recovery as in chi-stimulated exchanges in the RecBC pathway (1, 43) . Uncorrelated recovery of complementary recombinants in single bursts (44, 45) may be explained either by availability of only one end (perhaps the tail of a rolling circle) during replication or by packaging of only one of the recombinant monomers from a multimeric recombination product. Crossover distribution after restriction enzyme cutting in vivo (22) 47 ). We recently found that recombination stimulated by a double-strand break is physically nonreciprocal "half crossing-over" in the RecF pathway (unpublished data). In the RecBC pathway, a double-strand break stimulates exchanges at a distance by providing an entry site for a traveling recombinase (48) (49) (50) (51) .
There have been works related to the double-strand break repair models in Saccharomyces (8, 9, 18, 19, (52) (53) (54) (55) (56) (57) (58) .
